Olive pollen is a major allergenic source worldwide for its extensive cultivation. We have combined available genomic data with a comprehensive proteomic approach to get the annotated olive tree (Olea europaea L.) pollen proteome and define its complex allergenome. A total of 1,907 proteins were identified by LC-MS/MS using predicted protein sequences from its genome. Most proteins (60%) were predicted to possess catalytic activity and be involved in metabolic processes. In total, 203 proteins belonging to 47 allergen families were found in olive pollen. A peptidyl-prolyl cis-trans isomerase -cyclophilin-produced in Escherichia coli, was found as a new olive pollen allergen (Ole e 15). Most Ole e 15-sensitized patients were children (63%) and showed strong IgE recognition to the allergen. Ole e 15 shared high sequence identity with other plant, animal and fungal cyclophilins and presented high IgE cross-reactivity with pollen, plant food and animal extracts.
INTRODUCTION
The pollen grain has aroused a lot of interest not only for its role as male gametophyte in reproduction (1) , but also for its major role as allergen source. Proteomic studies have shown that proteins acting in pollen formation and germination are mainly involved in energy production, defense and protein synthesis and processing (2) (3) (4) . Moreover, as remarked above, some pollen proteins are capable of triggering airway inflammation and antigenic responses, which in some individuals derive in allergy (5) (6) (7) (8) . For this reason, proteomic analysis of pollen can be used for allergen identification, as it has been done for several allergenic sources (9) (10) (11) (12) (13) .
However, there is limited genomic information of tree species with allergenic pollen, reducing the potential number of these studies. 21 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 at 37 ºC. Peptides were extracted using 100% ACN and 0.5% trifluoroacetic acid, purified using a Zip Tip with 0.6 μL C18 resin (Millipore, Sigma-Aldrich Química SL, Madrid, Spain), and dried. Finally, samples were reconstituted in 5 μL 0.1% formic acid/2% ACN before the analysis by nLC-MS/MS in the Proteomics and Genomics Facility of the Centro de Investigaciones Biológicas (CIB-CSIC, Madrid, Spain), a member of ProteoRed-ISCIII network.
All peptide separations were carried out on an Easy-nLC 1000 nano system (Thermo Fisher Scientific). For each analysis, the sample was loaded into a precolumn Acclaim PepMap 100 (Thermo Fisher Scientific) and eluted in a RSLC PepMap C18, 15 cm long, 50 µm inner diameter and 2 µm particle size (Thermo Fisher Scientific). The mobile phase flow rate was 300 nL/min using a gradient of 0.1% formic acid in water (solvent A) and 0.1% formic acid and 100% ACN (solvent B). The gradient profile was set as follows: 5%-35% solvent B for 45 min, 35%-100% solvent B for 5 min, 100% solvent B for 10 min. Four microliters of each sample were injected. MS analysis was performed using a Q-Exactive mass spectrometer (Thermo Fisher Scientific). For ionization, 2000 V of liquid junction voltage and 270 °C capillary temperature was used. The full scan method employed a m/z 400-1500 mass selection, an Orbitrap resolution of 70,000 (at m/z 200), a target automatic gain control (AGC) value of 3e6, and maximum injection times of 100 ms. After the survey scan, the 10 most intense precursor ions were selected for MS/MS fragmentation. Fragmentation was performed with normalized collision energy of 27 and MS/MS scans acquired with a starting mass of m/z 100. AGC target was 2e5, resolution of 17,500 (at m/z 200), intensity threshold of 8e3, isolation window of 2 m/z units and maximum IT was 100 ms. Charge state screening was enabled to reject unassigned, singly charged, and greater than or equal to seven protonated ions. A dynamic exclusion time of 20s was used to discriminate against previously selected ions. 21 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 60 Data processing MS data were analyzed with Proteome Discoverer (version 1.4.1.14, Thermo Fisher Scientific) using standardized workflows. Mass spectra raw files were searched against the NCBI Olea europaea var. sylvestris predicted protein database (taxid 158386, version 11/2017, 49,613 RefSeq protein sequence entries) using SEQUEST search engine. Precursor and fragment mass tolerance were set to 10 ppm and 0.02 Da, respectively, allowing 2 missed cleavages, carbamidomethylation of cysteines as a fixed modification, methionine oxidation and threonine, tyrosine and serine phosphorylation as a variable modification. Identified peptides were filtered using Percolator algorithm with a q-value threshold of 0.01 (High Confidence Filter settings, FDR <1%) (29) . The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository, with the data set identifiers PXD012334 (Replicate 1), PXD012279 (Replicate 2), and PXD012280 (Replicate 3).
Experimental and statistical design
The experimental and statistical design for each experiment of the study are described in each subsection and depicted in Figure 1 and Figure S1 . Only proteins containing at least two isoform-specific peptides in one of the replicates, or with one high-confidence isoform-specific peptide but detected in the three replicates, were considered in the study. To identify proteins belonging to allergen families, the full sequences of the identified proteins after LC-MS/MS were retrieved using NCBI Batch Entrez. Then, proteins were locally blasted (E-value threshold 1.0E-15 and 1 Blast hit) against all entries of the Allergome database (4,331 entries; UniProt release 10/2018) using the Blast2GO 5 PRO software (5.2.4 version) (30) . Sequence similarity was calculated by Blast2GO, and sequence identity was calculated using Clustal Omega (31) .
Only those proteins meeting the following criteria were considered as potential allergens: matching with an allergen accepted by the WHO/IUIS Allergen Nomenclature Sub-committee (25) with at least 50% similarity; matching directly with proteins belonging to the same allergen families as proteins meeting the previous criteria, with at least 80% similarity; matching with proteins already identified as potential allergens in the Oleaceae family .  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Gene Ontology (GO) annotation and prediction of secreted proteins
To perform the functional GO annotation and KEGG analysis of each protein, we used the (33) . Then, olive pollen identified proteins were locally blasted against this database (maximum number of BLAST hits: 1; minimal E-value: 1.0E-50; BLAST descriptor annotator activated, HPS length cut off: 50, rest of parameters: default). GO mapping (GOA version 09.2018, default settings) and annotation (taxonomy filter: taxa: 33090, Viridiplantae) were performed. Additionally, InterProScan (IPS, default settings) analysis was run (34) , and the annotated IPS GOs were merged with previous GOs. Kyoto Encyclopedia of Genes and Genomes (KEGG) Enzyme codes were also annotated. Further information about molecular pathways was obtained by KEGG analysis (35) . For Fisher's exact test enrichment analysis of molecular function and biological process GOs, the obtained olive pollen annotation was tested against the whole O. europaea var. sylvestris predicted proteome, and annotated using the same parameters as described above for pollen proteins. Only GO terms with p-value<1.0E-10 were considered as enriched.
Secreted proteins were predicted using the SignalP 4.1 (Organism group: eukaryotes; Dcutoff value 0.45 for Signal P-noTM and TM networks) (36) .
Analytical procedures
1D SDS-PAGE (15% or 17% gels) were stained with Coomassie Blue R-250 (Sigma-Aldrich, St.Louis, MO, US) or transferred onto nitrocellulose membranes. Molecular mass calculations 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 were performed using unstained protein biomarkers SM0431 (Fermentas, Waltham, MA, US) or pre-stained protein molecular weight markers (Precision Plus Protein All Blue and Prestained Protein Standards low range from Bio-Rad, Hercules, CA, US).
For two-dimensional gel electrophoresis (2DE), isoelectric focusing of 80 μg of olive pollen extract was achieved under reducing conditions with 3 mM tributylphosphine in a PROTEAN IEF Cell (Bio-Rad) using pH 3-10, 7 cm length linear ReadyStrip IPG gels (Bio-Rad). After isoelectrofocusing, proteins were separated by 17% SDS-PAGE under reducing conditions in the presence of 50 mM DTT and 3.7% iodoacetamide and transferred onto nitrocellulose membranes (Amersham Biosciences, Little Chalfont, UK) according to Towbin method for WB.
Protein concentration of the purified proteins was calculated by measuring the absorbance at 280 nm using a DU-7 spectrometer (Beckman, Barcelona, Spain) after theoretical extinction coefficient calculation with the ProtParam tool from ExPASy. rOle e 15 concentration was calculated using the experimental extinction coefficient (E 0.1% ) of 0.616 obtained after amino acid analysis of 5 μg and 10 μg of purified protein in duplicates with a BioChrom 30 Amino Acid analyzer (Harvard Bioscience, Inc., Holliston, MA, US).
Patients' sera and antibodies
A total of 146 sera of patients allergic to olive pollen were used to carry out the study. All samples were handled anonymously according to the ethical and legal guidelines of the allergic reaction and a positive SPT with olive pollen. As a summary of the pollen sensitization of each population: sera from Madrid (n=42) were all co-sensitized to Lolium perenne, whereas sera from Córdoba (n= 104) were sensitized almost exclusively to olive pollen (Table S1 ). All patients presented asthma or rhinoconjunctivitis. 
Circular Dichroism spectroscopic analyses, structural 3D modelling and alignments
The CD spectrum of rOle e 15 (0.2 μg/μL) in 20 mM phosphate buffer, pH 7.0 was recorded in the far-UV (190-260 nm) on a JASCO J-715 spectropolarimeter (Japan Spectroscopic Co., Tokyo, Japan) using a 0.1 cm optical-path quartz cuvette and at 20ºC, 85ºC and after cooling down to 20ºC. The deconvolution of the obtained spectra was performed using the CDNN software. Thermal unfolding was followed measuring the ellipticity at 226 nm heating (20 to 85ºC) or cooling (85 to 20ºC) at 0.5ºC/min with a computer controlled water-bath. Far UV spectra were baseline subtracted and represented as mean residue molecular ellipticity. 
Immunological characterization
Indirect ELISA was performed in 96-well plates (Costar, Corning, New York, US) coated with 0.1 μg recombinant protein per well, according to previously optimized protocols (18, 38) For the IgE inhibition experiments with indicated protein extracts, a pool of sera (n=5 for WB; n=6 for ELISA) was pre-incubated with 5 mg/mL for WB; or alternatively 0.25 and 2.5 mg/mL for ELISA of the inhibiting extracts for 2 h at room temperature and shaking. The following steps of the ELISA or WB experiments were performed as described above and the results shown as percentage of inhibition (18, 38) . For the IgE inhibition experiments using purified proteins, serum was pre-incubated with 10 μg of rOle e 15, nOle e 1 or both. IgE reactivity was visualized as previously described (18, 35) . Inhibition values were calculated as percentage in comparison to the non-inhibited control using the formula [(1-OD 492 nm with inhibitor/ OD 492 nm without inhibitor)*100] by ELISA and as signal lost in comparison to a noninhibited control (No inhibition) by WB after densitometry of the bands using the Quantity One 1-D Analysis software (Bio-Rad Laboratories Inc., Madrid, Spain).
Cloning of the putative allergens from O. europaea pollen, expression and purification
Total RNA purification from pollen was performed using TRIzol and RNeasy Plant MiniKit (Qiagen, Hilden, Germany). Total RNA quality and concentration were analyzed using 2100 Bioanalyzer (Agilent Genomics). cDNA amplification was performed using the SMARTer ® Page 11 of 37 ACS Paragon Plus Environment Research   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Table S2) were synthesized based on the available proteomic and genomic data. PCR products were cloned into the pCR2.1 plasmid using the TOPO TA Cloning kit (Invitrogen, Groningen, The Netherlands) and sequenced. Then, specific overlapping oligonucleotides (Table S2 ) were designed to subclone the cDNAs encoding the complete proteins into the pET28a plasmid (Novagen, Billerica, MA, USA) as N-terminal His 6 -tagged proteins using, alternatively, the NEBuilder ® HiFi DNA Assembly Mix (New England Biolabs, Ipswich, Massachusetts, US) or the InFusion ® HD Cloning Kit (Clontech) following the manufacturer instructions.
Journal of Proteome
The pET28a/cDNA constructs were used to transform BL21 (DE3) E. coli cells. 10 mL 30 μg/mL kanamycin/LB cultures containing the transformed cells were grown overnight and then, diluted ten times and grown until OD 600nm reached 0.7. Finally, protein production was induced with 0.4 mM isopropyl thio-β-D-thiogalactoside (IPTG) and grown at 30ºC 230 rpm for 16 h.
Then, the cultures were centrifuged at 6,000 x g for 20 min at 4ºC. Proteins were purified by gravity-flow chromatography from the soluble fraction of cell lysates using Ni-NTA agarose (Qiagen) following the manufacturer instructions with minor modifications. Briefly, cell pellets corresponding to 250 mL E. coli culture were resuspended in 10 mL lysis buffer (300 mM NaCl, 1 mM PMSF, 50 mM phosphate buffer pH 8.0), distributed in 1 mL aliquots and disrupted by five cycles of subsequent freezing in liquid N 2 for 40 s and thawing at 42ºC in a water bath for 5 min. Then, soluble fractions obtained by centrifugation at 6,000 x g for 20 min at 4ºC were incubated 16 h at 4ºC in a 15 mL conical centrifuge tube with 500 μL Ni-NTA (CliniSciences, Nanterre, France) agarose previously pre-incubated three times with 5 mL lysis buffer. Then, Ni-NTA agarose was washed five times for 10 min at 4 ºC with 5 mL wash buffer 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   13 final centrifugation step was performed at 12,000 x g for 5 min at 4ºC. Finally, purified proteins were desalted onto PD10 desalting columns (GE Healthcare, Chicago, IL, US) with 20 mM ABC, quantified, aliquoted, lyophilized and stored at -20ºC until use. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
RESULTS

Definition of the olive pollen proteome by proteomics and bioinformatics
In the present study, we have used an in-depth bottom-up proteomic approach to analyze the proteomic profile of olive pollen, to classify its allergen families and define its allergenome, and to characterize new olive pollen allergen candidates ( Figure 1 ).
Figure 1.
Workflow of the study to delineate the olive pollen proteome and its allergenome, and describe Ole e 15 as a new relevant allergen implicated in cross-reactivity. 3D-models of the proteins were created using 1sev.1.A, 5.nue.1.B, 1xsx.1.A and 2mc9 PDB structures for malate dehydrogenase (mitochondrial), malate dehydrogenase (cytosolic), enolase and cyclophilin, respectively.
First, three olive pollen protein extracts replicates were fractionated by SDS-PAGE and protein bands in-gel trypsin digested. Then, the extracted peptides were analyzed by LC-MS/MS with a Q-exactive mass spectrometer. Next, the quality of the MS results was investigated calculating the mean and SD of the mass error in ppm in the three replicates. For replicate 1 the mean±SD mass error was 0.66 and 1.84, for replicate 2 was 2.39 and 1.64, and for replicate 3 was 2.41 and 1.68. As the data showed a good quality, we proceeded to subsequent analyses.
From the three biological replicates, a total of 1,907 different proteins were identified (Table   S3 and Figure S1 ). Protein sequences identified from olive pollen were functionally mapped and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 annotated with the corresponding GO terms using the Blast2GO software after local protein BLAST with NCBI RefSeqs sequences from plant species with curated GO annotations from Ensembl Plant (see Methods). A total of 1,738 pollen proteins were annotated with GO terms after combining GO mapping and InterProScan data (Figure 2a and Table S4 ). Cellular component terms revealed that identified olive pollen proteins were widely distributed among the cell, with more than 500 proteins associated to membranes. Metabolic processes were the most abundant in biological process terms (Figure 2b and Figure S2 ).
Regarding molecular function, cyclic compound, ion and protein binding activities, and hydrolase activity, were highly represented ( Figure S2 ). To be noticed, 1,176 out of the 1,907 identified proteins displayed catalytic activity (61.7%), being hydrolases, oxidoreductases and transferases the most abundant enzyme classes found ( Figure 2c and Table S4 ). KEGG pathway analysis showed that 7 out of the 10 most enriched pathways were related to metabolism ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 S3a). To analyze the enrichment of certain GO terms in pollen, a Fisher's exact test was performed comparing the annotated GO terms of the pollen proteome with that of the genomederived proteome ( Figure S3b and Table S4 ). GO terms related to salt stress, salt absorption and amino acid and sugar metabolism were over-represented in pollen. Moreover, 239 (12.5 %) of the identified pollen proteins were predicted as secreted by SignalP 4.1 (Table S5) .
Olive pollen allergenome delineation reveals the presence of 47 allergen families
Next, the delineation of the olive pollen allergenome was investigated to identify putative allergens in this allergenic source with high clinical relevance (17) . Firstly, the whole wild olive genome-predicted proteome and the olive pollen identified proteome were locally blasted against the Allergome database. A total of 3,469 and 363 hits were retrieved, respectively. Then, a set of criteria (see Methods) were manually applied to filter the results and identify potential allergens. Of the total of 2,446 potential allergens belonging to 76 different allergen families in the wild olive predicted-proteome, 203 proteins belonging to 47 allergen families were present in pollen ( Figure 2d , Table 1 , Table S6 and Table S7 ). Among them, 10 families previously reported as actual olive pollen allergens were observed (17) . Moreover, sixty of these proteins (29.6%) were predicted to be secreted by SignalP 4.1 (Table S5 ), which is one the most common features of allergenic proteins. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  Table 1 . Olive pollen allergenome definition by in-depth proteomics and bioinformatics using the Allergome database. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45 MS/MS spectra for the 5 proteins with single peptide entries in the three biological replicates (Glutathione S-transferase L3-like, Isoflavone reductase-like protein, Peptidyl-prolyl cis-trans isomerase CYP21-like, Pollen allergen Che a 1-like and Superoxide dismutase [Cu-Zn] 2-like isoform X3) are shown in Figure S4 . * NCBI Accession numbers of the Olea europaea var. sylvestris proteins sharing the highest sequence identity with Allergome allergens of the indicated allergen families (see also Table S7 ). ** Ole e 7 sequence has been recently published and is not yet deposited in Uniprot (18) . *** Cytosolic malate dehydrogenase from ash (F. excelsior) pollen, a member of the Oleaceae family, was suggested as potential allergen in (39) . **** Isoallergens, allergen variants and different allergenic proteins belonging to the same family (see also Table S6 and Table S7 for a full description of the allergens identified).
One of the four selected allergen candidates, cyclophilin from olive pollen, shows significant IgE reactivity
After proteomic analysis, four potential allergens among the 47 allergen families identified from olive pollen (cyclophilin, enolase, and cytosolic and mitochondrial malate dehydrogenases) were selected for validation to assess their IgE reactivity. Three different cDNA clones from cyclophilin and one cDNA clone for the rest of the proteins were obtained (Table S8 ). All proteins shared >95% sequence identity with predicted proteins in the Olea europaea var. sylvestris database. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46   22 We then proceeded to express and purify the potential allergens to analyze their IgE seroreactivity. The predicted mature forms of the proteins were expressed in E. coli as His 6tagged N-terminal proteins. A purity > 95% for all proteins was achieved (Figure 3a ). Proteins were subsequently analyzed by ELISA using sera from olive pollen allergic patients from two populations from Spain -Madrid and Córdoba-, and five non-atopic individuals. Only olive pollen cyclophilin showed IgE recognition, and thus, was named Ole e 15 according to WHO/IUIS (Figure 3b ). No significant differences in the recognition frequency were observed between both patients' populations, with prevalence values of 14.3% and 12.5%
in Madrid and Córdoba, respectively (Figure 3c ).
Most of the allergic patients showed high IgE levels against the allergen, especially in the population from Córdoba. Furthermore, we observed a higher number of pediatric patients than 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Figure S6 ), consisting of a β-barrel of seven anti-parallel strands, two surrounding α-helices and a characteristic stretch of seven amino acids called the divergent loop, which is mainly present in plants (40) . Moreover, the predicted amino acids defining the active surface in the cyclophilin family were present (Figure 4a ) (41) . Its theoretical surface electrostatic potential was mainly basic, but showed a neutral potential in the putative active surface region (Figure 4b ). In addition, other cyclophilins were modelled and compared to Ole e 15 (Figure 4c) , showing an almost identical folding among them except for the divergent loop. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 (e) Analysis of the IgE binding to Ole e 15 was performed by WB using an equivolumetric sera pool and 500 μg of the indicated protein extracts as inhibitors. All these data suggested a potential implication of olive pollen cyclophilin in cross-reactivity, as it has been shown for other plant and fungal cyclophilins (40, 42, 43) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 To address this question, we performed IgE inhibition assays with a pool of sera from olive pollen allergic patients, using pollen, plant-derived food, dust mite and human lung protein extracts as inhibitors (Figure 4d-e 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   26 15 is present as a monomeric protein with an experimental pI ~8.4 and apparent molecular mass very similar to glycosylated Ole e 1 (Figure 5a-b) . As a consequence, reactivity to nOle e 15 in a cosensitized patient with reactivity to Ole e 1 would remain hidden because of the high protein content of Ole e 1 and its prevalence, and might only be detected if the serum is previously inhibited with Ole e 1 (Figure 5c ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
Discussion
Olive pollen is an important allergenic source in those regions with extensive cultivars for olive oil production. The increasing cultivation of this tree in China, India, Australia, Russia, California (US) and multiple countries of South America has led to a growing number of olive pollen allergic patients. Therefore, it will become a top allergenic health problem worldwide in the next years; and thus, the definition of its allergenome will significantly improve the clinical management of olive pollen allergic patients.
Here, to delineate the cultivated olive pollen proteome and its allergenome, we took advantage of the recently reported wild olive genome in combination with a high performance bottom-up LC-MS/MS approach to optimize protein identification. The number of sequences obtained represents the 3.8% of the complete genome-predicted proteome and is in agreement with published data regarding transcriptomic analysis in olive pollen, in which 1,976 transcripts encoding complete proteins, including isoforms, were found (44) . Then, we performed functional annotation of the identified proteins, using a newer version of Blast2GO software and a more up-to-date Gene ontology (GOA) database than the previously used for the genome (14) .
Our annotation results are the expected for pollen protein functions in germination and tube growth, extremely regulated multistep processes in which secreted or membrane proteins, and enzymes, play a major role (45) . In fact, it is also in concordance with other pollen proteomic studies in which most of the proteins were annotated to metabolic processes (46) (47) (48) (49) .
Collectively, we have performed a comprehensive in-depth proteomic study of the olive tree allergenic pollen, and elucidated the distribution of its proteins according to their associated biological function and location, which can be helpful for further studies related to olive pollen biology. Nevertheless, it must be considered that the obtained data is highly dependent on technical and biological issues. For instance, it is known that protein extraction methods in plant proteomics can be determinant to detect hydrophobic membrane proteins and low abundant proteins (50, 51) . In addition, it has been reported that the use of different solid-phase extraction methods (i.e. ZipTip vs SOLAµ) after in-gel trypsin digestion and prior to nLC-MS/MS analysis can increase the coverage in the proteome (52) . Moreover, previous studies have demonstrated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 that pollen grains from different olive cultivars differ in the quantity and number of proteoforms, including those of important allergens like Ole e 1, Ole e 2 and Ole e 5 (53) (54) (55) .
This, together with environmental factors like geographic variability in the reached pollen counts, the coexistence of other allergen sources and pollution, as well as human factors like diet, alters the sensitization patterns to olive pollen, especially regarding minor allergens (56) .
Therefore, further proteomic studies analyzing pollen grains from common cultivars using alternative protein extraction methods would add relevant biological and clinical information to the data here presented.
We focused our study on the identification of allergenic proteins in olive pollen to complete its allergenome. From the 76 allergen families present in the genome-predicted proteome, 47
allergen families were identified in pollen, with 20 non-previously described in this source.
Importantly, all of the previously reported allergen families were found (17) (18) (19) 57) . Only the allergen Ole e 6 was not observed. Ole e 6 is present among the potential allergens identified from the genome-predicted proteome (Table S6) , and its absence in our proteomic data could be due to either its extremely low abundance in pollen (46) , or because of the stringent filters used.
An important feature for some allergenic sources is the high degree of heterogeneity in the same allergen family. According to the WHO/IUIS guidelines for allergen nomenclature, allergenic proteins from the same species are considered isoallergens when they have similar molecular size and a sequence identity of at least 67%; or allergen variants (isoforms) when the proteins display a sequence identity >90%. It has been shown that isoallergens and allergen variants found in pollen can display different IgE reactivity (19, 38, (53) (54) (55) 59) . Moreover, in some sources, proteins of the same allergen family, but not considered isoallergens, can be allergenic (60) . In our study, we found more than one protein in 34 of the 47 identified allergen families. In this sense, the Ole e 1-like allergen family was the most heterogeneous ( Table 1 and   Table S7 ). Of the 17 proteins found in this family, eight were Ole e 1 variants and, five were
Ole e 1 isoallergens. This high degree of Ole e 1 polymorphism had already been described and can vary among different olive cultivars (55, 61) . The further study of these allergen polymorphisms might help to identify hypoallergenic molecules, which can be used for the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 development of safer immunotherapy strategies. On the other hand, we observed interesting potential allergens which remain to be studied. For example, the presence of a thaumatin-like protein (TLP) similar to Act d 2 was found ( Table 1 and Table S7 ). A member of the TLP family had been described as an olive fruit allergen (Ole e 13) (62), but the presence of other TLPs in olive pollen was unknown. Thus, this finding suggests this protein family could also be allergenic in olive pollen allergic patients, and may be implicated in cross-reactivity with fruits.
Additionally, we observed the presence of several allergen families commonly found in the pollen of weeds, grasses and trees (63) , such as pectate lyase, papain-like cysteine protease, or cyclophilin. These data validated our workflow to identify potential allergenic proteins, defining the most complete allergenic proteomic profile of olive pollen up to date.
The next goal of this work consisted of the validation of the allergenic potential of some of the newly identified candidate allergens. We selected those protein families reported to be allergenic in at least two allergenic sources, including one non-pollinic, to identify those olive pollen allergens implicated in cross-reactivity. MDH (cytoplasmic and mitochondrial), enolase, and cyclophilin were selected for validation. After their cloning, expression and purification, only cyclophilin was able to bind IgEs from the allergic patients tested. Cyclophilin was named Ole e 15 according to the WHO/IUIS. Remarkably, cytoplasmic and mitochondrial MDH had been previously described as potential allergenic proteins in watermelon, soybean seeds, ash pollen, or yeast; enolase in latex, ragweed pollen, or molds; and cyclophilin in carrot, tomato, birch pollen, molds, and dust mites (9, 39, 43, (64) (65) (66) (67) (68) (69) (70) (71) (72) . Then, it cannot be discarded that these olive pollen proteins could be reported as allergenic if tested against other allergic populations or if they were expressed in heterologous systems different from E. coli, which would provide post-translational modifications and complex folding.
The last objective of our study was the characterization of olive pollen cyclophilin.
Recombinant protein structure exhibited a folding with similar secondary structure as Cat r 1 by far-UV CD (40) , indicating that the protein was correctly folded. Regarding its immunological behavior, we observed that the prevalence of Ole e 15-sensitized patients was about 13% among olive pollen allergic patients from Córdoba and Madrid, with a majority of them showing high 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 IgE levels against the allergen. Although Ole e 15 sensitization was more frequent in pediatric patients (17.4%) than in adults (7.8%) in both populations, the correlation between Ole e 15 sensitization and pediatric patients was not statistically significant. However, this trend will be assessed in further studies with higher cohorts. After inhibition experiments, we found that Ole e 15 is highly implicated in cross-reactivity with pollen, plant derived food and dust mites.
Human cyclophilin, which shows 70% sequence identity with Ole e 15, was also able to inhibit the IgE binding to the recombinant protein. Our results are in agreement with a previous study in which plant cyclophilins were predicted to cross-react with animal cyclophilins, due to a high degree of surface conservation (40) . This confirmed the broad cross-reactivity of cyclophilins, and extended the physicochemical and immunological knowledge of this pan-allergen to olive pollen. Moreover, as Ole e 15 shares similar physicochemical properties with Ole e 1, the identification of cyclophilin as an allergen has remained elusive by standard techniques.
Therefore, the in-depth olive pollen proteomic analysis allowed the identification of this relevant allergen, and suggests that its presence should be assessed in natural preparations to prevent the overestimation of the number of patients allergic to Ole e 1.
In summary, we have performed the most comprehensive proteomic profiling of olive pollen and defined its allergen families. We have also unmasked Ole e 15, a relevant olive pollen allergen belonging to the cyclophilin family with similar physicochemical features to the main olive pollen allergen. After cloning, expression and characterization of Ole e 15, we found that it is a highly potent cross-reactive allergen with plant and animal cyclophilins.
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